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INVESTIGATION  OF  ULTRASONIC  WELDING 
OF  REFRACTOR!  METALS  AND  ALLOTS 


ABSTRACT 


A  laboratory-type  U-kilowatt  spot-welding  machine  was  instrumented 
for  power-force  programming.  Preliminary  investigations  using  this  im¬ 
proved  technique  were  carried  out  in  the  welding  of  202U-T3  bare  alumi- 
num,  A1S1  3 Oh  stainless  steel,  and  Inconel  1  alloys.  Efforts  to  procure 
adequate  quality  refractory  metals  were  continued. 
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INVESTIGATION  OF  ULTRASONIC  WELDING 
OF  REFRACTORY  METALS  AND  ALLOYS 


Ultrasonic  welding  involves  the  introduction  of  relatively  high  vibra¬ 
tory  stresses  into  an  intended  weld  zone.  The  magnitude  of  such  stresses 
depends  upon  the  level  of  power  delivered  to  the  weldment,  and  the  proper¬ 
ties  and  thickness  of  the  materials  being  joined.  The  required  clamping 
force  is  also  influenced  by  the  weldment  materials,  and  is  adjusted  to  a 
value  which  provides  the  most  efficient  transmission  of  vibratory  energy 
into  the  intended  weld  area. 

The  magnitude  of  both  power  and  clamping  force  for  the  satisfactory 
welding  of  a  combination  of  materials  are  determined  experimentally.  Pre¬ 
viously,  the  applied  power  and  clamping  force  have  been  of  fixed  preset 
value  during  the  weld  interval.  However,  standing-wave-ratio  measurements, 
which  provide  a  measure  of  the  actual  power  delivered  to. the  weld  zone 
while  welding  under  these  preset  conditions,  gave  evidence  that  delivered 
power  varied  during  the  formation  of  the  weld.*  These  SWR  measurements 
suggest  that  the  weld  interval  involves  two  stages.  The  first  is  an  induc¬ 
tion  period  during  which  some  slippage  of  the  sonotrode  tip  may  occur  in 
the  establishment  of  coupling  of  the  sonotrode  to  the  weldment,  and  lead3 
to  the  second  stage,  which  appears  to  be  the  actual  interval  of  weld  for¬ 
mation,  and  during  which  the  vibratory  energy  is  effectively  utilized. 

The  programming  of  power  and  clamping  force  permits  control  of  the  de¬ 
livered  power,  to  the  end  of  more  efficient  welding,  control  of  tempera¬ 
ture  rise  in  the  weldment,  and  minimization  of  certain  undesirable  weld 
characteristics . 

During  this  report  period  a  laboratory-type  U-kilowatt  ultrasonic 
spot-welding  machine  was  instrumented  for  power-force  programming  experi¬ 
ments.  202U-T3  aluminum,  A1S1  30k  stainless  steel,  and  Inconel  X  were 
welded  with  power-force  programing. 


Power-Force  Programming  Monitoring  Instrumentation 

The  equipment  described  in  prior  Progress  Reports  No.  1,  2,  and  3 
operated  successfully.  The  block  diagram  shown  in  Figure  1  illustrates: 
the  detection  and  recording  scheme  Used  for  the  measurement  of  power, 
force,  and  displacement. 


*  Jones,  J.  B.,  N.  Maropis,  J.  G.  Thomas,  and  D.  Bancroft,  "Fundamentals 
of' Ultrasonic  Welding,  Phase  IT."  Research  Report  60-91,  Navy 
Contract  NOa(s)  £9-6070-c,  December  I960. 


1 


AEROPROJECT*  INCORPORATED 

Contract  N0w-63-012*>-c 


A.  Power 

Power  is  monitored  by  sampling  the  control  signal  from  a  resistive 
divider,  applying  it  to  an  amplifier-rectifier  unit,  and'  recording  the 
signal  on  a  strip-chart  recorder. 

B.  Force 

The  SR-U  strain  gages  used  for  measuring  force  are  mounted  on  the  hy¬ 
draulic  cylinder  of  the  welding  machine.  The  signal  from  the  gages  is  fed 
through  a  strain  analyzer  circuit  and  recorded  on  a  strip-chart  oscillo¬ 
graph. 

C.  Displacement 


A  high-quality  ceramic  phonograph  cartridge  and  stylus  assembly 
(Astatic  Corporation  No.  fjl-2)  is  used  to  sense  the  displacement  ampli¬ 
tude.  The  cartridge  is'  shock-mounted  on  the  welder  with  the  stylus  in 
contact  with  the  sonotrode  tip.  The  magnitude  of  the  output  signal  is 
proportional  to  the  displacement,  and  is  amplified  and  recorded  on  a 
strip-chart  instrument  in  the  same  manner  as  power  and  force. 


Power-Force  .Programming  Experiments 

Initial  investigation  of  the  effects  of  programming  power  and  clamping 
force  was  carried  out  with  202l*-T3  aluminum,  type  30U  stainless  steel  (annealed), 
and  Inconel  X.  Standard  welding  machine  settings  which  have  historically 
yielded  satisfactory  welds  are  shown  in  Table  1® 

With  these  standard  machine  settings  as  a  base,  and  employing  limited 
data  on  power  delivery  variations  during  the  weld  interval  (l,  2),  four 
programs  for  force  and/or  power  were  selected  for  exploration  and  are  shown 
as  A,  B,  C  and  P  of  Figure  2. 

For  each  program,  the  total  weld  interval  T  is  the  time  established 
for  non-programme d  welding  of  the  material  under  consideration. 


(1)  Jones,  J.  B.,  N.  Msropis,  J.  G.  Thomas,  and  D.  Bancroft,  "Fundamentals 

of  Ultrasonic  Welding,  Phase  I."  Research  Report  /9-109,  Navy 
Contract  NOas  5>8-108-c,  May  193>9. 

(2) i  Jones,  J.  B.,  N.  Maropis,  J.  G.  Thomas,  and  D.  Bancroft,  "Fundamentals 

of  Ultrasonic  Welding,  Phase  H."  Research  Report  60-91,  Navy 
Contract  N0a(s)  £9-6070-c,  December  I960. 
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Five  weldments  were  made  with  each  material,  using  each  of  the  four 
programs  in  random  order,  for  a  total  of  twenty  welds  in  each  material. 

The  0.063-ittch  202l*-T3  bare  aluminum  with  1100-H18  aluminum  foil  interleaf 
could  not  be  programmed  above  the  power  capacity  of  the  machine,  since  the 
standard  welding  machine  power  setting  required  to  produce  a  satisfactory 
weld  with  this  material  was  1*200  watts*  Thus  the  step  involving  an  increase 
in  power  above  the  standard  power  setting  AP2*  was  omitted* 

Simultaneous  force,  power,  and  displacement  strip-chart  oscillograms 
were  obtained  for  each  programmed  weld.  Intermittent  standard  control  welds 
were  made  and  evaluated  by  tensile-shear  tests  to  ensure  that  the  performance 
of  the  welder  was  normal  throughout  the  test  series.  Oscillograms  obtained 
while  welding  the  type  3Ql*  stainless  steel  specimens  are  shown  in  Figure  3* 
Comparison  of  the  oscillograms  to  the  preset .program  patterns  (Figure  2) 
indicates  that  the  welding  conditions  respond  to  the  control  signals. 

Power  and  force  calibrations  were  checked  at  regular  intervals*  The 
displacement  calibration  was  spot-checked  by  comparing  typical  oscillograms 
from  the  control  welds  with  previously  obtained  calibration  reference 
charts. 

Evaluations  of  weldments  made  under  the  above  conditions  were  based 
upon  tensile-shear  strength,  deformation  measurements,  and  metallographio 
examination.  Weld  quality  was  determined  by  tensile-shear  testing  three 
weldments  of  the  0,063  alloy,  and  four  weldments  of  the  0.01*0  aluminum 
alloy,  stainless  steel  and  Inconel  X  series.  All  remaining  specimens  were 
examined  micrographically.  Deformation  studies  consisted  of  micrometer  .. 
weldment  thickness  measurements  at  the  weld  cone  and  at  unwelded  areas  of 
the  specimens. 

Tables  II  and  III  contain  a  summary  of  the  welding  machine  settings, 
the  energy  (in  watt-seconds)  delivered  for  each  pattern,  and  the  tensile- 
shear  strength  of  each  weld  obtained  from  each  pattern. 

The  data  were  reviewed  with  regard  to  differences  in  weld  quality 
based  on  shear-strength,  arid  to  ascertain  if  such  observed  differences 
seemed  to  have  genuine  significance  or  merely  reflected  random  variation. 

The  small  number  of  specimens  precludes  hard  conclusions  at  this  time. 
However,  the  results'  (shown  in  Table  IV)  indicate  the  general  effect*  of 
power-force  programming  on  weld  strength,  and  they  will  be  useful  In  giving 
direction  to  subsequent  program  selection.  Broadly,  it  appears  that  average 
weld  strengths  under  PFP  conditions,  can  be  higher,  and  strength  variations 
lower. 


•  P}  ■  Power  level  normally  required  to  produce  satisfactory  welds  with¬ 
out  power-force  programming. 
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In  general,  it  appears  that  no  significant  difference  existed  between 
patterns  A  and  B  or  between  patterns  C  and  D,  but  that  the  difference  be¬ 
tween  group  A.  B  and  group  CD  is  probably  real. 

Deformation  measurements  did  not  reveal  any  specimen  differences 
directly  attributable  to  power-force  programming. 

Metallurgical  studies  disclosed  a  difference  for  the  various  PFP 
patterns,  but  the  differences  are  not  consistent  among  the  four  materials 
Used  in  the  investigations. 


Future  Work 

1.  Modifications  including  provision  for  a  more  linear  variation  in  the 
output  power  with  respect  to  the  programmed  power  level,  alleviation, 
of  degradation  of  the  strain  gages,  and  reduction  in  extraneous  pick- 

.  up  which  distorts  recorded  signals  are  necessary,  and  will  be  initiated 
during  the  next  report  period. 

2.  Effort  to  obtain  refractory  welding  materials  of  adequate  quality  is 
continuing. 

3»  Further  exploration  of  PFP  effects  will  be  carried  out. 
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Figure  1 

SCHEMATIC  OF  PCWER-FORCE  PROGRAMMING  SYSTEM  SENSING  ELEMENTS 
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Figure  3 

OSCILLOGRAMS  FOR  PROGRAMMED  PATTERNS  A  AND  B  FOR  POWER, 
CLAMPING  FORCE,  AND  SONOTRODE  TIP  DISPLACEMENT 
WHILE  WELDING  0.031-INCH  THICK  TIPE  30h  STAINLESS  STEEL 
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Figure  3 

OSCILLOGRAMS  FOR  PROGRAMMED  PATTERNS  C  AND  D  FCR  POWER, 
CLAMPING  FCRCE,  AND  SONOTRODE  TIP  DISPLACEMENT 
WHILE  WELDING  0.031-INCH  THICK  TTFE  30U  STAINLESS  STEEL 
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Table  I 

STANDARD  WELDING  MACHINE  SETTINGS  FCR  VARIOUS  MATERIALS 


Material 

Cage. 

(inch) 

Power, 

(watts) 

Clamping 

Force 

(pounds) 

Weld  Time, 
(seconds) 

20211-T3  Bare  Aluminum 

0.01*0 

2l*00 

800 

2021+-T3  Bare  Aluminum 

0.0^0 

3600 

900 

202I4.-T3  Bare  Aluminum 
with  0.001-inch  thick 
1100-H18  aluminum 
interleaf 

0.063 

1*200 

1150 

l.$ 

Type  30l*  Stainless  Steel 

0.031 

3000 

550 

1.0 

Inconel  X 

0.016 

1800 

300 

1.0 
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Table  II 


EX'PBRIMENTAIt.  WELDING  WITH  PO®R-FCRCE .  PROGRAMMING 


'  "  Welder  Settings 

Individual 

Tensile-Shear 

Strength 

(pounds) 

PFP 

Pattern 

Clamping 
Power.  Force, 

'(watts)  (pounds.) 

Weld 

Interval, 

(seconds) 

Applied 

Energy 

(watt-sec) 

6.663-ihch  202U-T3  Bara  Aluminum,  0.001-lhch  1100-H18  Foil 


A 

160 

.1150 

.  .1? 

5690 

1060 

1(200 

1150 

1.35 

900 

790 

B 

160 

■  1200 

.15 

5690 

1025 

1(200 

1200 

.30 

1 31*0 

1(200 

1150 

1.05 

1010 

C 


D 

--  160 

1200 

.15 

5090 

1230 

1(200 

1200 

.30 

1080 

L.200 

1150 

.90 

1030 

160 

1150 

.15 

0.050-inch  202l(-T3 

Bare  Aluminum 

A 

160 

1000 

.15 

1(31(0 

555 

3200 

1000 

1.35 

.965 

300 

B 

16.0 

1150 

.15 

1(31(0 

5Uo 

3200 

1150 

.30 

Uoo 

3200 

1000 

1.05 

595 

C 

160 

1150 

.15 

U790 

151(5 

3200 

n5o 

.30 

825 

3200 

1000 

.60 

1265 

1(200 

1000 

.1(5 

D 

160 

1150 

.15 

1(31(0 

1255 

, 

3200 

1150 

.30 

1360 

3200 

1000 

.1(5 

1390 

1(200 

1000 

.1(5 

160 

1000 

.15 
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Table  III 

EXPERIMENTAL  WELDING  WITH  POWER-FCRCE  PROGRAMMING 


PFF 

Pattern 

Power, 

(watts) 

Welder  Settings 

Clamping  Weld 

Force ,  Int  erval , 

(pounds)  (seconds) 

Applied 

Energy 

(watt-sec) 

Individual 

Tensile-Shear 

Strength 

(pounds) 

0.016- 

-inch  Inconel  X, 

A 

210 

275 

.15 

21*50 

1*80 

1800 

275 

1.35 

500 

1*60 

1*90 

B 

210 

380 

.15 

2l*50 

520 

1800 

380 

*  .30 

1*80 

1800 

275 

1.05 

1*90 

1*50 

C 

210 

380. 

.15 

2690 

560 

1800 

380 

.30 

1*95 

1800 

275 

*60 

500 

2300 

275 

.1*5 

520 

:d 

210 

380 

.15 

21*50 

560 

1800 

380 

.30 

510 

1800 

275 

.1*5 

56o 

2300 

275 

.1*5 

1*95 

210 

275 

.15 

0.031- 

inch  Type  30lt  Stainless 

Steel,  2B  Finish 

A 

150 

690 

.10 

2810 

780 

3100 

69  0 

.90 

865 

780 

B 

150 

900 

.10 

2810 

860 

3100 

900 

.20 

790 

3100 

690 

*70 

850 

630 

C 

150 

900 

.10 

3105 

860 

3100 

900 

.20 

920 

3100 

690 

.1*0 

875 

1*100 

690 

.30 

895 

D 

150 

900 

.10 

2810 

915 

3100 

900 

.20 

920 

3100 

690 

.30 

825 

1*100 

690 

.30 

990 

150 

690 

.10 
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Table  IF 

STATISTICAL  ANALYSIS  TO  ESTABLISH  WHETHER  A  SIGNIFICANT 
DIFFERENCE  IN  STRENGTH  IS.  OBTAINED  BY  PFP 


Material 

Gage, 

(inch) 

PFP 

Pattern 

Mean 

p 

(pounds) 

No.  of 
Samples 

(U) ; 

(Test  for  Significance) 
Comparison  with 
ABC 

P  P  P 

202U-T3  Bare  Aluminum 

-o.o?o 

A 

61 6  • 

3  ‘ 

B 

517' 

3 

.27U 

C 

1217 

3 

4.001 

4.001 

D 

1335 

3 

4601 

<.001 

.26 

202U-T3  Bare  Aluminum 
with  Foil 

0.063 

A 

917 

3 

B 

1125 

3 

.001 

C 

- 

_ 

- 

D 

1113 

3 

4.003 

M2 

Inconel  X. 

0.016 

A 

U83 

h 

B 

U8? 

k 

C 

519 

k 

4.001 

<023 

D 

531 

k 

4.001 

4.00? 

X2U2 

30U  Stainless  Steel 

0.031 

A 

808 

3 

B 

783 

h 

.1S>9 

C 

883 

h 

4.001 

.0?0 

D 

913 

k 

<<,001 

.oil* 

■Sv 

0 

* 

A  probability  of  .0?0  shows  a  significant  difference. 

Ref.  -  Lacey,  0.  L.,  Statistical  Methods  in  Experimentation,  McMillan  Company, 
Chap.  9,  19?7. 
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Philadelphia  12,  Pennsylvania 
Attn:  Metallurgy  Division,  AM L 


Number 

of 

Copies 

1  .  Commanding  Officer 

Naval  Ordnance.  Test  Station 
China  Lake,  California 
Attn:  Code  55 

1  U.  S.  Amy  Research  Office 

3PU5  Columbia  Pike 
Arlington  kt  Virginia 
Attn:  Mr.  A.  L.  Tarr 

1  .  Headquarters,  Amy  Material  Command 

Washington  25,.  D.  .0, 

Attn:  AMCRD-RS-CM 

1  Commanding  Officer 

Watertown  Arsenal 
Watertown,  Massachusetts 
Attn:  Mr,  N,  L.  Reed,  Ordnance 
Materials  Research  Office 

1  Commanding  General 
Frankford  Arsenal 
Philadelphia  37,  Pennsylvania 
Attn:  Mr.  J.  J.  Power,  Jr . ( CfftDBA-LM J ) 

1  Army  Ballistic  Missile  Agency 
Redstone  Arsenal 
Huntsville,  Alabama 
Attn.:  phief.  Materials  Branch  . 

Development  Operations  Division 

1  Commanding  Officer 

Watertown  Arsenal  Laboratories 
Watertown  72,  Massachusetts 
Attn:  Mr.  5.  V.  Arnold, 

Associate  Director 

1  Commanding  Officer 

,  ..Amy  Rocket  and  Missile  Agency 
Redstone  Arsenal,  Alabama 
Attn:  Technical  Library  (ORDXR-OTC) 
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1  Commanding  Officer 

Army  Chemical  Corps  Command 
Munitions  Division 
Amy  Chemical  Center,  Maryland 
Attn:  Mr.  Joseph  Trost 

1  Commanding  Officer 

Engineering  Res.  &  Dev.  Lab. 

Department  of  the  Army 
Fort  Belvoir,  Virginia 
Attn:-  Metallurgical  Dept. 

1  Commander 

Aeronautical  Systems  Division 
Attn:  Metals  &  Ceramics  Laboratory 
(ASRCM) 

Wright-Patterson  Air  Force  Base,  Ohio 

1  Commander 

Aeronautical  Systems  Division 
Attn:  Applications  Lab.  (ASRCE) 
Wright-Patterson  Air  Force  Base,  Ohio 

2  Commander 

Aeronautical  Systems  Division 
Attn:  Manufacturing  Technology 

Laboratory  (ASRCT)  1 

3  Scientific  &  Technical  Info.  Facility 
National  Aeronautics  and  Space  Admin.  Rep 

(SAK/DL~lil9) 

P.  0.  Box  £?00 

Bethesda,  Maryland  1 

1  The  Arnold  Engineering  Company 
P.  0.  Box  C 
Marengo,  Illinois 
Attn:  Mr.  Benjamin  Falk 


1  U.  S.  Atomic  Energy  Commission 

Attn:  Technical  Information  Service 
Oak  Ridge,  Tennessee 

1  National  Academy  of  Sciences 

2101  Constitution  Avenue,  N.  W. 
Washington  2£,  D.  C. 

Attn::  Dr.  J.  Lane,  Metallurgist 
Materials  Advisory  Board 

3  Aerospace  Industries  Association 
Technical  Services  Division 
Shoreham  Building 
Washington  £,  D.  C. 

1  Welding  Research  Council  of  the 
Engineering  Foundation 
3U£  East  I*7th  Street 
New  York  17,  New  York 

Battelle  Memorial  Institute 
Defense  Metals  Information  Center 
Attn:  Mr.  C.  S.  DuMont 
£o£  King  Avenue 
Columbus  1,  Ohio 

Battelle  Memorial  Institute 
£0£  King  Avenue 
Columbus  1,  Ohio 
Attn:  Mr.  M.  J.  Rieppel 

Chief,  Metals  Joining  Division 

Armour  Research  Foundation 
Illinois  Institute  of  Technology 
Metals  Research  Dept* 

33£0  S.  Federal  Street 
Chicago  16,  Illinois 
Attn:  Dr.  W.  Rostoker 


1 


2 


Atomic  Energy  Commission 
Germantown,  Maryland  1 

Attn:  Mr.  J.  Simmons,  Div.  of 
Reactor  Development 

Brookhaven  National  Laboratory 
Information  and  Publication  Service 
Uptown,  New  York 

Attn*  Miss  Mary  Weismann,  Document  Section 


Renssalaer  Polytechnic  Institute 

Department  of  Metallurgical  Eng. 

110  Eight  Street 

Troy,  New  York 

Attn:  Dr.  Earnest  Nippes 
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1  Ohio  State  University 

Department  of  Welding  Engineering 

Columbus,  Ohio 

Attn*  Prof.  R.  B.  McCauley 

1  Massachusetts  Institute  of  Technology 
Metallurgy  Department 
Cambridge  39,  Massachusetts 
Attn:  Dr.  Clyde  Adams 

3  Chemical  Propulsion  Information  Agency 
The  John  Hopkins  University 
Applied  Physics  Laboratory 
8621  Georgia  Avenue  * 

Silver  Spring,  Maryland 

1  University  of  California 

Los  Alamos  Scientific  Laboratory 

Los  Alamos,  New  Mexico 

Attn:  Mr.  J.  R.  Taub,  Group  Leader 

1  Pratt  &  Whitney  Division 

United  Aircraft  Corporation 
Connecticut  Aircraft  Nuclear 
Engines  Laboratory 
Middletown,  Connecticut 
Attnr  Mr.  L.  M.  Raring,  Chief 
Metallurgist 

1  The  Martin  Company 

Attn!  Chief,  Manufacturing  Res.  & 
Development  Laboratory 
Denver  1,  Colorado 

1  Crucible  Steel  Company 
Titanium  Division 
Midland,  Pennsylvania 
Attns  Dr.  Walter  L.  Finley 

2  Mallory  Sharon  Titanium  Corporation 
Niles,  Chio 

Attns.  Dr.  L.  S.  McCoy 
Dr.  L.  S.  Busch 


1  North  American  Aviation,  Inc. 

Los  Angeles  Division 
International  Airport 
Los  Angeles,  California 
Attn!  Mr.  H.  D.  Mason,. 

Engineering  Section 

1  North  American  Aviation,  Inc. 

Columbus  Division 
1*310  N.  5th  Avenue 
Columbus,  Ohio 

Attn!:  Mr.  Paul  Maynard,  Chief  of 
Materials. 

1  Westinghouse  Electric  Corporation 
Research  Laboratories 
Beaulah  Road,  Churchill  Boro 
Pittsburgh  35,  Pennsylvania 
Attn!  Chief,  Metals  Joining  Section 

1  Gulton  Industries,  Inc. 

212  Durham  Avenue 

Metuchen,  New  Jersey 

Attn:  Director,  Research  &  Dev. 

1  Circo  Ultrasonic  Corporation 

Attn:  Mr.  B.  Carlin,  Vice-President 
51  Terminal  Avenue 
Clark,  New  Jersey 

1  The  Budd  Company 

Defense  Division 
2U50  Hunting  Park  Avenue 
Philadelphia  32,  Pennsylvania 
Attns  Chief,  Metallurgy  Dept. 

1  Sciaky  Brothers,  Inc. 

5915  W.  67th  Street 
Chicago  38,  Illinois 
Attn.!;  Mr.  W.  J.  Farrell,  Chief 
Applications  Engineer 

1  Climax  Molybdenum  Company 

11*10  Woodrow  Wilson  Avenue  ' 

Detroit  3-,  Michigan 
Attns-  Mr.  A.  J.  Herzig 
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1  Universal-Cyclops  Steel  Corporation 
Refractomet  Division 
Bridgeville,  Pennsylvania 
Attn :  Mr.  C.  Mueller,  Mgr. 

1  General  Electric  Company 

Applied  Research  Operations 
Flight  Propulsion  Laboratory  Dept. 
Cincinnati  15,  Ohio 
Attn!  Mr.  Louis  P.  Jahnke,  Mgr. 
Metallurgical  Engineering 

1  General  Electric  Company 

Missile  and  Ordnance  Systems  Dept. 

3750  D  Street 

Philadelphia  2k,  Pennsylvania 
Attn:  Aerosciences  Laboratory 

1  Boeing  Airplane  Company 
P.  0.  Box  370? 

Seattle  3k,  Washington 

Attn::  Mr.  John  T.  Stacey,  Senior 

Group  Engineer,  Aerospace  Div.  , 

2  Republic  Aviation  Corporation 
Farmingdale,  Long  Island,  New  York 
Attn:'  Dr.  S.  Korman,  Chief, 

Materials,  Dev.,  R.A.C 
Attn:'  Mr.  T.  F.  Imholtz, 

Manufacturing  Research 

1  Lockheed  Aircraft  Corporation 
Burbank,  California 
Attn:  Mr.  E.  Green,  Mgr», 

Production  Engineering  Dept. 

1  Lockheed  Aircraft  Corporation 
Missiles  and  Space  Division 
Sunnyvale,  California 
Attn:  Mr.  Alfred  Peterson,  Mgr., 
Production  Eng.  Dept.  83-31 

1  Aerojet  General  Corporation 
Solid  Rocket  Plant 
Sacramento,  California" 

Attn:  Mr.  Alan  7.  Levy 

Head,  Materials  R&D  Dept.  (i*6l0) 


1  Lockheed  Aircraft  Corporation 
Missile  and  Space  Division 
325l  Hanover  Street 
Palo  Alto,  California 
Attn:  Mr.  R.  A.  Perkins 

Metallurgist  &  Ceramic  Res., 

1  General  Telephone  and  Electronics 
Laboratories,  Inc. 

P.  0.  Box  59 
Bayside,  New  York 
Attn:  Dr.  L.  L,  Seigle,  Mgr. 
Metallurgical  Lab. 

1  National  Aeronautics  &  Space  Admin. 
Lewis  Research  Center 
21000  Brookpark  Road 
Cleveland  35,  Ohio 
Attn:  Mr.  Mervin  Ault,  Asst.  Chief 
Materials  &  Structures  Div. 

1  Boeing  Airplane  Company 
P.  0.  Box  3996 
Seattle  2k,  Washington 
Attn*  Mr.  Edward  G.  Czarnecki 
Chief  Technical  Staff 
X-20  Branch 

1  Fansteel  Metallurgical  Corporation 

North  Chicago,  Illinois 
Attn:  Mr.  Alan  F.  Busto,  Technical 
Administrator 

1  Massachusetts  Institute  of  Technology 
Cambridge  39,  Massachusetts 
Attn:  Dr.  Walter  A.  Backofen 

Associate  Prof,  of  Metallurgy 

1  Grumman  Aircraft  Engineering  Corp. 

Bethpage,  Long  Island,  New  York 
Attn:  Mr.  Earl  Morris,  Materials 
Engineering 
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1  Commanding  Officer 
Picatinny  Arsenal 
Dover,  New  Jersey 
Attn?  Mr.  George  Van  Syckle 
Building  6 5,  TAWC 

1  Massachusetts  Institute  of  Technology 

Department  of  Aeronautics  and  Astronautics 
Instrumentation  Laboratory 
Cambridge  39,  Massachusetts 
Attn!  Miss  Betty  Robinson 
Ass't.  Librarian 

1  Delco  Remy  Division 

General  Motors  Corporation 
Anderson,  Indiana 

Attn:  Mr.  J.  R.  West,  Piress  Dept. 

1  Inspector  of  Naval  Material 
10  North  8th  Street 
Reading,  Pennsylvania 

1  Branson  Instruments,  Incorporated 
37  Brown  House  Road 
Stamford,  Connecticut 

1  P.  R.  Mallory  and  Company,  Inc. 
Indianapolis  6,  Indiana 
Attn?  Mr.  A.  S.  Doty,  Director, 

Technical  Services  Laboratories 
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